Daniell cell, invented by the British chemist John Frederic Daniell in 1836, is popularly known as a kind of zinc-copper battery which takes advantage of a porous barrier between the two metals[@b1][@b2]. Once used widely in the European telegraph industry, it was supplanted in the late 19th century by more modern battery designs. Today, it is primarily used in the chemistry curricula to demonstrate how batteries work[@b1][@b2]. As shown in our chemistry curricula, the typical Daniell cell works with a salt bridge connecting the anode electrode of a zinc sulfate solution and an immersed zinc plate as well as the cathode electrode of a copper sulfate solution and an immersed copper plate ([Figure S1](#s1){ref-type="supplementary-material"}). When discharged, the anode of zinc will be oxidized according to the [equation 1](#m1){ref-type="disp-formula"}: At the same time, the cathode of copper ions will be reduced following the [equation 2](#m2){ref-type="disp-formula"}: Therefore, we can see the total reaction as \[Zn(s)\] + \[Cu^2+^(aq)\] → \[Zn^2+^(aq)\] + \[Cu(s)\] during the discharge course. These two processes cause copper solid to accumulate at the cathode and the zinc electrode to dissolve into the solution and show a theoretical potential of 1.1 V at 25°C. Without the salt bridge, the reaction will occur directly (i.e. Cu will be deposited on Zn anode) and the electron flow will not be directed through the outer wire to supply power for use. To be exactly, the cations in the salt bridge migrate to the container containing the copper electrode to replace the copper ions being consumed, while the anions in the salt bridge migrate toward the zinc side, where they keep the solution containing the newly formed zinc cations electrically neutral. However, it is a pity to realize that the salt bridge (or porous barrier) can only alleviate the Cu^2+^ crossover. At the open circuit condition, Cu^2+^ still can slowly diffuse from the Cu electrode room to Zn electrode room through the salt bridge (or porous barrier), and then the Cu^2+^ is reduced into metallic Cu on the surface of Zn electrode, indicating a serious self-discharge and/or suicide process (see [Figure S2](#s1){ref-type="supplementary-material"} for detail). It is also undoubted that Daniell Cell is not rechargeable, because recharge would much aggravate the Cu^2+^ crossover, indicating a battery-killing process (see [Figure S3](#s1){ref-type="supplementary-material"} for detail).

Owing to the serious self-discharge and the unrechargeable characteristic, Daniell cell was supplanted by more modern rechargeable battery technologies, such as Lead-acid battery developed in 1859, Ni-Cd (Nickel/Cadmium) battery developed in 1909, Ni-MH (Nickel/Metal hydride) battery developed in 1975 and Li-ion battery developed in 1990[@b3]. Up to present, these aqueous-electrolyte-based rechargeable batteries (i.e. Lead-acid, Ni-Cd and Ni-MH, etc.) and the organic-electrolyte-based Li-ion batteries are still used for diverse range of applications[@b3][@b4]. Due to their higher energy density and cycling stability, the Li-ion batteries using two intercalated compounds (e.g. carbon anode and LiCoO~2~ cathode) in an organic solution electrolyte occupy the main market of battery, and are widely used for various electronic devices, from portable devices (such as cellular phones, notebook-size personal computers, and so on) to electric vehicles (EVs)[@b3][@b4].

Owing to the accelerated energy consumption and aggravated global warming, it is undoubted that future economy must be based on green and sustainable energy source, such as solar energy, wind energy, etc. As a result, utilization of these sustainable energy sources has been a hot topic. It is well known that the efficient utilization of these sustainable energy sources depends on large-scale stationary energy storage batteries. However, the organic-electrolyte-based Li-ion battery is difficult to play the role of large-scale energy storage device for these sustainable energy sources. Despite the remarkable performance of these organic based systems mentioned above, they suffer from the use of highly toxic and flammable solvents, which can cause safety hazards if used improperly, such as overcharging or short-circuiting[@b3][@b4]. Especially, numerous lithium-ion battery accidents causing fires and explosions have been reported. As a response, these high safety aqueous rechargeable batteries should be the promising candidates for large-scale energy storage, although they display lower energy density. Unfortunately, the application of these commercialized aqueous rechargeable batteries (i.e. Lead-acid, Ni-Cd and Ni-MH, etc.) in large-scale energy storage may be held back by the toxicity of electrode materials (such as Pb and Cd) and/or limited storage of raw materials for electrode (such as Metal hydride). Therefore, aqueous electrolyte Li-ion batteries arrest much attention in recent years, despite their poor cycling stability[@b5][@b6]. However, the raw materials for intercalation compounds (i.e. electrode materials for Li-ion batteries) are not sustainable because cobalt, nickel, manganese and lithium must be natural resources. In addition, most intercalation compounds for Li-ion batteries are prepared by high-temperature solid-state reaction, which also results in consumption of energy and CO~2~ emission[@b3]. As we know, the carbon footprint of organic Li-ion batteries even reaches 70 Kg CO~2~ per kWh[@b3]. Especially, the reuse of these intercalation compounds in the used batteries is very difficult and complex. As a response, it may be the time for us to reconsider Daniell cell as a candidate for large-scale energy storage, because both Zn and Cu are low toxicity, renewable and reusable. However, the precondition is to well deal with the problem from Cu^2+^ crossover on operating process, which obviously is a great challenge.

Herein a ceramic lithium super-ionic conductor (LATSP, Li~1+x+y~Al~x~Ti~2-x~Si~y~P~3-y~O~12~) thin film, which is recently used in aqueous/non-aqueous double-electrolyte batteries[@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23], was used to separate the Cu cathode and Zn anode to build a stable and rechargeable Zn-Cu battery. The resulting Zn-Cu battery can be cycled for 150 times without obvious capacity attenuation, and the open circuit voltage investigation shows that the potential can keep stable for over 100 h without any loss of the capacity.

Results
=======

The structure and operating mechanism of the rechargeable Zn-Cu battery are illustrated in [Figure 1](#f1){ref-type="fig"}, where it can be detected that a Cu cathode (1 cm^2^) in 0.25 mL 2 M LiNO~3~ electrolyte solution and a Zn anode (1 cm^2^) in 0.25 mL 1 M Zn(NO~3~)~2~ electrolyte solution are separated by a ceramic LATSP film. Detailed information about the as-prepared rechargeable Zn-Cu battery is given in [Figure S4](#s1){ref-type="supplementary-material"}. On charge, metallic Cu (i.e. cathode) is oxidized into Cu^2+^ and the Zn^2+^ in anodic room is reduced into metallic Zn at the surface of anode, while Li ions in the cathodic room diffuse to the anodic room through the LATSP ceramic film to balance the charges. Simultaneously, electrons are transferred from Cu cathode to Zn anode through the outer circuit. Discharge reverses the charge process, and is similar with conventional Daniell cell. As a result, the total reaction within the developed rechargeable Zn-Cu battery can be summarized as: [Figure 2](#f2){ref-type="fig"} gives the cyclic profile of the rechargeable Zn-Cu battery with an applied current of 0.25 mA. In this investigation, a battery is charged for 6 hours to reach a charge capacity of 1.5 mAh, and then the battery is discharged to 0.2 V. As shown in [Figure 2a](#f2){ref-type="fig"}, the battery displays a flat charge voltage of 1.25 V for 6 hours and a flat discharge voltage of about 0.8 V for about 6 hours with the applied current of 0.25 mA. About 1.78 mg metallic Cu is transformed into Cu^2+^ in cathodic room through the 6 h charge with a current of 0.25 mA, and simultaneously Zn^2+^ in the electrolyte of anodic room is reduced into metallic Zn. At the same time, Li-ions diffuse from cathodic room to anodic room to balance the charge. In order to further clarify the coulombic efficiency, we calculated the capacity (mAh g~Cu~^−1^) based on the mass of consumed metallic Cu (or generated Cu^2+^) over charge process. As shown in [Figure 2b](#f2){ref-type="fig"}, the achieved discharge capacity of 843 mAh g~Cu~^−1^ is equal to the charge capacity at initial cycle. However, the discharge capacity at 20th, 75th and 150th cycle is slightly smaller than corresponding charge capacity, indicating that the Coulombic efficiency of the Zn-Cu battery is only close to 100%. In other words, there is no obvious crossover of Cu^2+^ over charge-discharge process. Especially, the battery almost keeps the constant discharge voltage and capacity at various cycles, suggesting perfect cyclic ability ([Figure 2a and 2b](#f2){ref-type="fig"}). The rechargeable characteristic should be attributed to that the ceramic Li-ion exchange film (i.e. LTASP) can efficiently prevent the Cu^2+^ crossover, which is confirmed by electrochemical impedance spectroscopic (EIS) investigation ([Figure S5](#s1){ref-type="supplementary-material"}). Furthermore, it also should be noted that there is a clear degradation of the charge voltage curved at the beginning of the charging step. This phenomenon may be ascribed to the formation of Cu~2~O and the growth of dendrite on the surface of cathode, and need further investigation (see [supplementary information](#s1){ref-type="supplementary-material"} for detailed discussion). Herein, we also employed a proton exchange membrane (Nafion 117) to separate the Cu cathode and Zn anode, and investigated its cyclic performance at the same experiment condition for comparison. Unfortunately, being similar to the salt-bridge-based Daniell cell ([Figure S3](#s1){ref-type="supplementary-material"}), the Nafion-film-based Zn-Cu battery can not be recharged ([Figure S6](#s1){ref-type="supplementary-material"}). Although the proton exchange membrane permits the fast pass of Li^+^, it also permits the pass of Cu^2+^ (See [Figure S7](#s1){ref-type="supplementary-material"} and corresponding discussion). In order to further clarify the stability of the rechargeable Zn-Cu battery with a LTASP separator, self-discharge investigation of the battery was conducted. In this measurement, the battery was first charged for 10 hours with an applied current density of 0.1 mA. Then, the charged battery was kept at open circuit voltage condition (OCV) for 100 hours ([Figure 3a](#f3){ref-type="fig"}). Finally, the resulting battery was discharged with a current of 0.1 mA ([Figure 3a](#f3){ref-type="fig"}). As shown in [Figure 3b](#f3){ref-type="fig"}, the battery displays a flat discharge voltage for about 10 hours at the current of 0.1 mA (i.e. a discharge capacity of around 843 mAh g~Cu~^−1^), indicating that the generated Cu^2+^ has been converted into metallic Cu through the electrochemical reduction on discharge process. Herein, we also carried out a control study as a comparison where a Zn-Cu battery was built in the same way as the one described for [Figure 3a](#f3){ref-type="fig"}, and was discharged without OCV storage at the same current of 0.1 mA. In this measurement, the Zn-Cu battery was first charged for 10 hours with an applied current density of 0.1 mA, and then was discharged with a current of 0.1 mA without OCV storage. Discharge curve of the Zn-Cu battery without OCV storage is given in [Figure 3c](#f3){ref-type="fig"}, where it can be observed that the battery displays a flat discharge voltage for about 10 hours, indicating a capacity of around 843 mAh g~Cu~^−1^. The comparison between [Figure 3b and 3c](#f3){ref-type="fig"} demonstrates that the conventional Daniell cell can be developed as a rechargeable Zn-Cu battery without self-discharge. In addition, a small voltage plateau arising from the hydrogen evolution can be observed at the end of the discharge, indicating the charge/discharge efficiency does not reach 100%.

[Figure 4a](#f4){ref-type="fig"} gives the rate performance of the rechargeable Zn-Cu battery using a LATSP separator. In this investigation, the battery was charged for 6 h with a current of 1 mA, and then discharged with different currents. The capacities at different currents are also just calculated based on the mass of consumed Cu (or generated Cu^2+^) over charge process. As shown in [Figure 4a](#f4){ref-type="fig"}, the polarization increases obviously with the growth of discharge currents, suggesting a large internal resistance. Obviously, the low conductivity of LATSP will much limit the power output of this kind of LATSP-based Zn-Cu battery. However, this drawback may be solved by adjusting the operating model of this kind of battery. It is well known that proton exchange membrane (i.e. Nafion film) is of high ionic conductivity. For instance, we also investigated the rate performance of Nafion-based Zn-Cu battery at the same condition. In this investigation, a LATSP-based Zn-Cu battery was first charged for 6 hours to form Cu^2+^ solution in the cathodic room. Then, the generated Cu^2+^ solution is removed to the cathodic room of a Nafion-based Zn-Cu battery (Zn/Nafion/Cu) for discharge measurement. [Figure 4b](#f4){ref-type="fig"} gives the discharge profile of the Nafion-based Zn-Cu battery at different currents. It can be observed from [Figure 4b](#f4){ref-type="fig"} that the Nafion-based Zn-Cu battery displays higher operating voltage even at much higher discharge currents, compared with that of LATSP-based Zn-Cu battery. However, it should be noted that the discharge capacity is lower than the theoretical capacity (i.e. 843 mAh g~Cu~^−1^) of metallic Cu (or Cu^2+^), indicating a small amount of Cu^2+^ crossover over discharge. Furthermore, it can be observed that an additional voltage plateau (about 0.4 V) appears at the end of discharge of Nafion-based Zn-Cu battery, which should be attributable to the H~2~ evolution over discharge process. According to the operating mechanism of the rechargeable Zn-Cu battery (see [Figure 1](#f1){ref-type="fig"}), Li ions should diffuse from anodic room to cathodic room to balance the charge over discharge process. However, the Nafion film also permits the fast pass of H^+^. As a result, the protons also diffuse from anodic room to cathodic room in parallel with the Li ions diffusion on discharge. The proton crossover improves the H^+^ concentration in the cathodic room, and thus enhances the H~2~ evolution potential over discharge process. The results from [Figure 4a and 4b](#f4){ref-type="fig"} suggest that we can improve the power output of rechargeable Zn-Cu battery through adjusting operating method. As shown in [Figure 4c](#f4){ref-type="fig"}, the LATSP-based Zn-Cu battery can be used for charge storage (i.e. to form Cu^2+^ solution and metallic Zn through charge process), and then the charge products (e.g. Cu^2+^) can be flowed to the Nafion-based Zn-Cu battery for high rate discharge when high power output is needed. This technology may be similar with flow batteries. In order to further evaluate the power output of the rechargeable Zn-Cu battery, higher concentration Cu(NO~3~)~2~ solution (1 M) was employed as cathodic electrolyte to investigate the power performance of Nafion-based Zn-Cu battery and LATSP-based Zn-Cu battery, respectively. As shown in [Figure 5](#f5){ref-type="fig"}, the discharge voltage of Nafion-based Zn-Cu battery is still higher than 0.5 V even at the high current of 35 mA (i.e. 35 mA cm^−2^). However, the discharge voltage of LATSP-based Zn-Cu battery reduces to 0.5 V at the current of 3 mA (see inset of [Figure 5](#f5){ref-type="fig"}). The result from [Figure 5](#f5){ref-type="fig"} further confirms that Nafion-based Zn-Cu battery can efficiently offset the low power characteristic of LATSP-based Zn-Cu battery.

Discussion
==========

Above results have demonstrated that the new type Zn-Cu battery is of perfect cyclic ability and high stability, and its power output can also be improved through proper operating method. As a result, the next logic step is to evaluate its theoretical energy density. It should be noted that the above capacity (i.e. mAh g~Cu~^−1^) calculated from the consumed Cu or Cu^2+^ is just used to describe the reversibility of battery, and thus can not be employed to evaluate the true energy density of the battery. According to [Equation 3](#m3){ref-type="disp-formula"}, the active materials of the new type Zn-Cu battery include Cu, LiNO~3~ and Zn(NO~3~)~2~. Furthermore, the solubility in water of LiNO~3~ and Zn(NO~3~)~2~ should also be considered in the calculation of energy density. Accordingly, the theoretical energy density of the rechargeable Zn-Cu battery based on the total weight of the Cu cathode, the LiNO~3~ electrolyte and the aqueous Zn(NO~3~)~2~ anode can be calculated from [equation (4)](#m4){ref-type="disp-formula"} where *E* is the energy density (Wh kg^−1^), *V* is the discharge voltage (\~0.8 V), *Q* is the theoretical capacity of Cu (843 mAh g~Cu~^−1^), *m~cu~* is the mass of *Cu* cathode (63.55 g; 1 mol), *m~LiNO3~* is the mass of LiNO~3~ in electrolyte (2 × 68.95 g; 2 mol), and *m~Zn(NO3)2~* is the mass of Zn(NO~3~)~2~ in aqueous anode (189.39 g; 1 mol). The *m*^*1*^*~H2O~* and *m^2^~H2O~* are the masses of water for LiNO~3~ dissolution (100 g H~2~O) and Zn(NO~3~)~2~ dissolution (137 g H~2~O), which are calculated based on their solubility at 30°C. According to [equation (4)](#m4){ref-type="disp-formula"}, the calculated energy density can reach 68.3 Wh kg^−1^. It should be noted that 2 M LiNO~3~ solution and 1 M Zn(NO~3~)~2~ solution were employed in our experiment to demonstrate the performance of rechargeable Zn-Cu battery. However, the calculation of theoretical energy of the rechargeable Zn-Cu battery is based on the solubility of LiNO~3~ and Zn(NO~3~)~2~ at 30°C. Typically, the electrode/electrolyte material weighs about 50% of the total weight of the large-size practical battery. Thus, the practical specific energy of the new type Zn-Cu battery near 34 Wh kg^−1^ can be expected, which is compatible with commercialized lead acid battery (30 \~ 40 Wh kg^−1^)[@b3][@b24] and flow battery (25--30 Wh kg^−1^)[@b3][@b24]. It is more important that the electrode reactions of the battery depend on the dissolution--deposition of metallic Cu and Zn, indicating that Cu-cathode and Zn-anode are renewable and reusable. For example, the Cu-cathode or Zn-anode in a used rechargeable Zn--Cu battery can be directly recycled to fabricate a new electrode. However, for present commercialized aqueous battery (e.g. lead acid, Ni-Cd and Ni-MH batteries), the recycle of electrode materials is of a great challenge. Especially, both electrode material and electrolyte of rechargeable Zn-Cu battery are low toxicity, which is quite important for low carbon society. Therefore, the rechargeable Zn-Cu battery can be considered as a promising power source for large-scale energy storage. On the other hand, the charge rate (e.g. energy storage rate) of rechargeable Zn-Cu battery is still much limited by the low conductivity of the ceramic LATSP film, and can not be offset by the above Nafion-based Zn-Cu battery. As a response, this kind of Zn-Cu battery may be only suitable for solar energy storage at present stage. In the further investigation, it is necessary to improve the conductivity of ion-exchange membrane and enhance the operating temperature of the battery. Especially, enhancing the operating temperature can not only improve the conductivity of the ceramic ion-exchange membrane but also increase the solubility of active materials, which thus can improve both energy and power density of the system. It should also be noted that dendrite growth inevitably occurs on the Cu and Zn electrode over cycling process. Although the short circuit hazards in the rechargeable Zn-Cu battery can be eliminated because the rigid ceramic LATSP film is hardly pierced by the dendrites on electrode, the dendrite growth still could limit the efficient utilization of Cu/Zn electrode over long-time cycling. Therefore, more researches should be done to solve the problem, for example, some kind of electrolyte additive might be useful to produce smooth coating during the electrodeposition.

In summary, the old Daniell cell was re-built as a stable and rechargeable battery through the Li-ion exchange film that can efficiently prevent the crossover of Cu^2+^. The theoretical energy density of the new type Zn-Cu battery can reach 68.3 Wh kg^−1^ which is compatible with current aqueous rechargeable batteries. It is more important that both electrodes of the battery are renewable, reusable, low toxicity and environmentally friendly. It can be expected that this investigation not only gives a new birth for the very old Daniell cell, but also provides a new promising and green power source for large-scale energy storage.

Method
======

Materials and Preparation of Zn-Cu battery
------------------------------------------

The reagents \[e.g. Zn plate, Cu plate, Zn(NO~3~)~2~ and LiNO~3~\] were purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai). Zinc plate (0.2 mm in thickness, 99.9%) and copper plate (0.1 mm in thickness, 99.9%) were polished before battery assembly. The 2.5 × 2.5 cm^2^ ceramic lithium super-ionic conductor film (LATSP, Li~1+x+y~Al~x~Ti~2-x~Si~y~P~3-y~O~12~ purchased from Ohara Inc., Japan) with a thickness of 0.15 mm and a Li-ion conductivity of 10^−4^ S cm^−1^ was used as received. The glass microfiber filter was obtained from Whatman® Anodisc Inorganic Membranes. 2 M LiNO~3~ solution and 1 M Zn(NO~3~)~2~ solution were used as cathodic electrolyte and anodic electrolyte, respectively. Detailed information about the battery assembly was given in [Figure S4](#s1){ref-type="supplementary-material"}.

Electrochemical Characterization
--------------------------------

Electrochemical tests were performed on HOKUTO DENKO battery charge/discharge system HJ series (Japan) controlled by a computer. The electrochemical impedance spectroscopy (EIS) was carried out on Solartron Instrument Model 1287 in the frequency range of 10^6^-0.01 Hz with the AC signal amplitude of 10 mV.
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![Schematic illustration and operating mechanism of rechargeable Zn-Cu battery with a Li-ion exchange membrane.](srep06916-f1){#f1}

![Cyclic profile of the rechargeable Zn-Cu battery.\
(a) Cell voltage vs. time. (b) Cell voltage vs. capacity. \[In this investigation, a battery is charged for 6 hours to reach a charge capacity of 1.5 mAh, and then the battery is discharged to 0.2 V with an applied current of 0.25 mA.\]](srep06916-f2){#f2}

![Self-discharge investigation of the rechargeable Zn-Cu battery.\
(a) OCV and discharge curves. (b) Enlargement of discharge curve after OCV test. (c) Discharge curve without OCV storage.](srep06916-f3){#f3}

![Discharge curves of Zn-Cu batteries at different currents.\
(a) Discharge curves of LATSP-based Zn-Cu battery. (b) Discharge curves of Nafion-based Zn-Cu battery. (c) Schematic illustrating the combination application between LATSP-based Zn-Cu battery and Nafion-based Zn-Cu battery.](srep06916-f4){#f4}

![Rate performance (discharge voltage vs. current) of Nafion-based Zn-Cu battery investigated with 1 M Cu(NO~3~)~2~ solution.\
The inset is the discharge voltage vs. current of LATSP-based Zn-Cu battery tested at the same condition.](srep06916-f5){#f5}
